The objective of this study is to well understand the migration and orientation of thin micro-particles, such as talc and mica, in a suspension flow through a slit channel as well as to obtain the knowledge of the sheet processing operations of thin micro-particle reinforced composites by means of both experiments and numerical simulations. The following result was obtained in this study: (1) migration of thin micro disk-like particles did not occur in a slit channel flow, thus the concentration distribution was almost uniform: (2) transparent/translucent strand pattern observed in a suspension flow with thin micro disk-like particles was ascribed to the flow-induced shade region produced by disk-like particles, i.e., this phenomenon arises from frequent flip-over of disk-like particles.
Introduction
Thin micro-particle suspension can often exhibit anisotropy due to flow-induced particle alignment. The addition of particles to a Newtonian liquid can, therefore, drastically change the flow kinematics even at very low concentrations. Furthermore, the characterization of the orientation distribution of thin particles strongly affects the physical properties of thin micro-particle composites [1−8] and becomes much more significant in current processing of high quality composite materials: e.g., a sheet of microparticle reinforced composite, in which thin micro-particles migrate to the central plane in the thickness direction and align parallel to the surface, performs a flexible property as well as high quality of thermal and electrical shielding. Thus the importance of the coupling flow kinematics with thin particle orientation has been recognized [9] .
The mechanism of migration and orientation of thin micro-particles in various flows involving the processing of composite materials, however, has not been fully understood although it is so much significant to obtain the knowledge of the processing operations of thin micro-particle reinforced composites. The objective of this study is to well understand the migration and orientation of thin micro-particles in a suspension flow by means of both experiments and numerical simulations.
In this framework, the evolution of the orientation of thin micro-particles, such as talc and mica which were modeled by a thin disk-like particle, in both a planar extensional flow and a simple shear flow of Newtonian fluids through a large reservoir to a slit channel was analyzed by numerical calculation of the Jeffery equation [10] in a previous paper [11] , then the numerically simulated results were compared with the orientation observations in a talc suspension flow. Furthermore, in the previous flow visualzation we observed a strand pattern in a talc suspension flow through a slit channel with 2 mm in thickness and 16 mm in width. The strand pattern is not so clear (see Fig. 11 (a) in Ref. [11] ). The strand pattern is schematically shown in Fig. 1 : transparent region can be observed around the centerline, while the outside region becomes translucent. The mechanism of this phenomenon could be supposed to be due to the migration and/or orientation of talc particles, i.e., the concentration distribution and/or orientation evolution of talc particles induced by flow. The objective of this paper is, therefore, to elucidate the cause of the above strand pattern by means of both experiments and numerical simulations.
Numerical solution for orientation of thin disk particle and measurement of concentration distribution of talc particles
We simulated the evolution of the 3-D orientation of disk particle in a Newtonian flow through a slit channel, as shown in Fig. 2(a) , by decoupling flow kinematics with particle orientation.
1 Governing equations
The evolution equation of the unit normal p _ , the orientation vector, defining the orientation of a disk particle immersed in a Newtonian homogeneous flow can be described by the Jeffery equation [10] similarly to the equation for a slender particle such as a fiber, dp _
dt where Ω = is the vorticity tensor and D = is the strain-rate tensor. The parameter k is given by k = (r a 2 − 1) / (ra 2 + 1), where ra is the particle aspect-ratio (thickness/diameter), and −1<k<0 for a disk particle. For the 3-D orientation of a disk particle in a 2-D flow parallel to the xy-plane as shown in Fig. 2(b) , the Jeffery equation reduces to Eq. (2) using the angles φ and θ,
2 Orientation in a simple shear flow
In the previous experiments [11] observation of disk-like particle orientation was conducted in a slit channel flow as shown in Fig. 2(a) . Thus thin disk-like particles were subjected by a simple shear flow in a fully-developed flow through a slit channel.
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In a simple shear flow of shear-rate γ • , x and y are flow and velocity gradient directions, respectively, the Jeffery equation reduces to (see Eqs. (7) and (8) in Ref. [11] ) Figure 3 shows the Jeffery orbit and orientation evolution of a disk particle with ra = 0.1, which are observed from the z-direction, in a simple shear flow of γ • = 5s −1 to well understand the 3-D orientation of the disk particle. The initial orientations were chosen as φ 0 = 60°and θ 0 = 30°, 80°. A short line is the orientation vector. We can easily find periodic flip-over of a thin disk particle. The period of the shear strain for flip-over is well known as γ • T = 2π (ra + 1/ra), e.g., γ
• T = 63.5 for ra = 0.1. Furthermore, for large θ 0 the disk particle can be observed as a circle from the y-direction in a simple shear flow except the occurrence of flip-over (see Fig. 3(b) ). Thin disk particles, therefore, keep the parallel orientation to the upper-and lower-walls of the slit channel used in the experiment except the occurrence of flip-over.
3 Concentration distribution of talc particles and orientation evolution of disk particle in a slit channel flow
First the Navier-Stokes equation was numerically simulated to predict the velocity profile of a fully-developed Newtonian flow through the slit channel used in the experiment (Fig. 2(a) ) using the finite difference scheme. The average fluid velocity was set to νa = 0.8 mm/s in order to coincide with the average velocity in the observation of talc particle rotation (see Fig. 9 in Ref. [11] ). The predicted velocity profile through the slit channel is shown in Fig. 4 . It is clearly found that the velocity profile is almost the same within the central region in the width direction, up to z = 4 mm. Then the velocity rapidly decreases as the channel wall is approached.
As described in the Section of "1. Introduction", we supposed that the cause of the transparent/translucent strand pattern is due to the concentration distribution and/or orientation evolution of talc particles. Thus we examined the concentration distribution of talc particles in both the thickness and width directions (near the channel wall): the number of talc particles in the photographic images was counted using an image processing technique. Figure 5 shows the concentration distribution of talc particles in the thickness and width directions. It can be noticed that almost uniform concentration can be attained in both the directions. For this reason, interruption intensity of light shot in the zdirection caused by the concentratin distribution of talc particles is almost the same in the y-direction through the slit channel.
The effect of the evolution of disk orientation on the mechanism of occurrence of the transparent/translucent strand pattern, therefore, should be studied in detail by means of numerical calculation of Eq. (3). The orientation evolution of disk particles on the z = 0 mm plane in a slit channel flow is shown in Fig. 6 . The initial orientation is φ0 = 60°and θ0 = 80°. The fluid velocity u decreases, while the shear rate γ
• increases as the channel wall is approached, and the period of flip-over completely depends on the shear strain. Thus the required distance for flip-over (x ∝ u/γ • )
rapidly decreases as the channel wall is approached. (Fig. 2(a) ). 
Mechanism of occurrence of strand pattern in a talc suspension flow
Light can be interrupted by 3-D orientation of disk particles in a suspension flow. Orientation evolution of disk particles strongly affects the area shaded by itself: the shaded area increases while disk particles are flipping over, i.e., interruption intensity of light shot in the z-direction becomes stronger. The shaded regions by disk particles were examined in detail by numerical simulations. Figure 7 shows the shaded regions by disk particles passing on the z = 0 mm plane in the slit channel, for the initial orientation φ 0 = 60°, θ 0 = 80°. The shaded regions on the z = 0 and 7 mm planes, for the initial orientation φ 0 = 60°, θ 0 = 30°are also shown in Figs. 8(a) and (b). As described above, the required distance for flip-over rapidly decreases as the channel wall is approached. We can see in Figs. 7 and 8 that the shaded area increases as the channel wall is approached, irrespective of the initial orientation and observation plane. Furthermore, comparison of the shaded area on the z = 0 mm plane ( Fig. 8(a) ) with that on the z = 7 mm plane ( Fig. 8(b) ) clearly shows that the required distance for flip-over gradually increases as the channel wall is approached in the z-direction.
The velocity profile changes in the z-direction through the slit channel, thus the shaded region by disk particles depends on the z-coordinate. Light transmitting in the zdirection is interrupted by the 3-D shaded area of disk particles in the z-direction through the slit channel. The dependence of 3-D change in the shaded region, therefore, should be taken into account. Figure 9 exhibits the superposition of the shaded areas on the three planes, z = 0, 7 and 7.5 mm, for the initial orientation φ 0 = 60°, θ 0 = 30°. It can be observed that the shaded region increases when 3-D change in the shaded region is taken into account. The concentration distribution of talc particles in the slit channel flow was almost uniform. Consequently, the transparent/translucent strand pattern observed in the talc suspension flow is caused by the flowinduced shaded region by talc particles, i.e., flip-over phenomenon of disk particles.
Concluding remarks
Migration and orientation evolution of thin disk-like particles were analyzed in order to obtain the knowledge of the sheet processing of thin micro-particle reinforced composites: (1) it was clearly found by the experiments that migration of thin micro disk-like particles did not occur in a slit channel flow, thus the concentration distribution was almost uniform: (2) transparent/translucent strand pattern observed in a suspension flow with thin micro disk-like particles was caused by the flow-induced shaded region by disk-like particles, i.e., flip-over phenomenon.
In a processing of particle-reinforced-plastics the matrices are viscoelastic materials, thus the effect of viscoelasticity on migration and orientation of particles is necessary to be taken into account. The interaction between polymer molecules and particles remains open question, however, the effect of shear-thinning viscosity is not difficult to make clear by numerical simulation using the Cross [12] or Carreau [13] model. Furthermore, flow-induced migration and orientation of disk-like particles occur in a complex flow, we have to numerically analyze the migration and orientation phenomena by means of coupling flow kinematics in a future work.
